The recent work of the authors on the novel sol-enhanced nano-composite coatings was reviewed. This technique was developed to create high dispersion of oxide nano-particles into metal/alloy coatings. The agglomeration of nano-particles in the traditional composite coatings prepared by solid-powder mixing methods can be effectively avoided. Correspondingly the microstructures of the sol-enhanced coatings are very different from those of the conventional composite coatings, and the coatings show superior mechanical and corrosion properties. This sol-enhanced composite plating has been technically proved to be a promising method to manufacture composite coatings for a wide range of industry. This is also a good example of finding practical applications for nano-materials and nano-technology. Key words: sol-enhanced coating; Ni−TiO 2 ; Ni−P−TiO 2 ; microstructures; mechanical properties; corrosion properties
Processing of sol-enhanced composite coatings
There has been intensive research on the nanoscience and nanotechnology in the last decade [1, 2] . One of the focuses is creating nano-sized particle dispersion in composite materials and coatings. It is well known that if nano-sized hard particles such as oxides or carbides dispersed into a tough metallic matrix, the properties especially mechanical strength and wear resistance will be improved significantly. One of the traditional ways to realize this dispersion is using electro-deposition with solid particles mixed in the electrolyte. Both oxide particles and metal ions can co-deposit onto the surface of working parts, forming a metal matrix composite coating [3] . These coatings were first produced with micron-sized particles of carbides [4] , oxides [5] , diamond [6] and Teflon [7, 8] . More recently, people use nano-sized particles to synthesize a new structure-nano-composite coatings. The purpose is to create "nano-dispersion", which hopefully can significantly improve the properties such as hardness and wear resistance [9−13] .
Figure 1(a) shows the typical formation process of the traditional nano-composite coatings using solid-particle mixing method [3] . In this process, typically an ionic cloud covers clusters of solid particles due to the agglomeration of the nano-particles. The particles suspension therefore has to be physically maintained in the solution by vigorous agitation, air injection, ultrasonic vibration and/or adding chemical surfactants. However, the agglomeration of particles cannot be avoided completely, although the above methods probably reduce the tendency of agglomeration.
The ion-adsorbed clusters of the nano-particles transport to the cathode surface by means of convection and diffusion. The co-deposition process is determined by the oxidation/reduction reactions on the cathode surface. After the ionic cloud is reduced, the agglomerated nano-particles are deposited into the metal matrix as metal ions are discharged, so "buried" in the metals as shown in Fig. 1(a) .
In order to obtain highly dispersive nano-particles reinforced metal matrix composite coatings, the most important part of the process is to prevent the agglomeration of the solid nano-particles. Figure 1(b) shows the ideal process for composite plating. Single particle rather than agglomerated particles is covered by ionic clouds in the plating electrolyte, and then moves to the surface of working parts. As for many other nanoparticle related processes, the agglomeration of small particles cannot be avoided due to the extremely large surface energy. The traditional composite plating technique is obviously not able to achieve the above requirement.
To avoid particle agglomeration, we recently developed and patented a novel technique: sol-enhanced composite plating, to synthesize highly dispersed nano-sized particle reinforced composite coatings [14] . In this sol-enhanced process, a transparent sol solution (e.g. TiO 2 sol or ZrO 2 sol) was directly added into the traditional electroless or electroplating solution. The hydrolysis reaction and condensation process of the sol solution take place, thus resulting in the in-situ formation of amorphous nano-particles [15, 16] . Once the nanoparticles formed, they were immediately covered by the ionic clouds, and/or immediately adsorbed onto the freshly deposited metal surface. Finally the metal matrix grew up with these very fine particles, to form highly dispersive nano-particle reinforced metal-based composite coatings.
Characterization of sol-enhanced coatings
The sol-enhanced coatings possessed unique microstructures with highly dispersed oxide nano-particles as the second-phase in the alloy matrix [17−19] . Figure 2 compares the microstructures and elemental distribution of the ordinary Ni−P coating, the traditional composite coating and sol-enhanced Ni−P− TiO 2 composite coatings deposited by using electroless plating on an Mg alloy surface. Many agglomerated TiO 2 particles can be observed in the traditional composite coating with a content of (8.3±0.2)% (mass fraction) TiO 2 (as pointed in inset of Fig. 2(b) ). In contrast, the cross-section of the sol-enhanced composite coating is clear ( Fig. 2(c) ); no obvious TiO 2 particles can be seen by SEM. The reason is that the oxide particles are very small and at a relatively low mass fraction of (3.7±0.4)%. A fluctuant distribution of Ti is seen along the traditional composite coating ( Fig. 2(b′) ), while a relatively homogeneous distribution of Ti element existed in the sol-enhanced composite coating ( Fig. 2(c′) ), this is the evidence of the uniform dispersion of TiO 2 particles in the sol-enhanced composite coatings. Figure 3 demonstrates the TEM images and electron diffraction patterns of the ordinary Ni−P coating, the traditional composite coating and sol-enhanced Ni−P−TiO 2 composite coating electroless-plated on Mg alloys. The ordinary Ni−P coating shows a mixed crystal structure ( Fig. 3(a) ), confirmed by the inserted electron diffraction pattern. Large clusters of TiO 2 nano-particles of about 500 nm are observed in the traditional composite coating (Fig. 3(b) ). In contrast, highly dispersive TiO 2 nano-particles with the size of about 15 nm are uniformly distributed in the sol-enhanced composite coating as shown in Fig. 3(c) . Figure 4 shows the microstructures and elemental distribution of the sol-enhanced Ni−P−TiO 2 composite coating produced by electroless plating on a carbon steel substrate. The surface of the coating is smooth and dense with some small, spherical nodular structure (Fig. 4(a) ). No pores, spallation or gaps can be observed in the interface area (Fig. 4(b) ), indicating a good adhesion between the substrate and the composite coating. Furthermore, the coating composition can be varied by adding sol in a controlled way. Three layers can be observed in this sol-enhanced coating: the inner layer (layerⅠ), the transition layer (layer Ⅱ) and the outer layer (layer Ⅲ), as shown in Fig. 4(b) . The thickness of the layer Ⅰ is about 3 μm, with an even distribution of Ni and P elements as shown in Fig. 1(c) . A relatively high content of TiO 2 of 1.73 % (mass fraction) exists in the layer Ⅱ, which is calculated from the Ti content in EDS results. The thickness of the layer Ⅲ is about 7 μm, with roughly even distributions of Ni and P elements ( Fig. 1(c) ). TiO 2 is uniformly distributes in this layer, with the mass fraction of 1.22%, again calculated from the EDS analysis. These results indicate that the sol-enhanced electroless coating process can produce functional gradient coatings with a designed compositional profile. Figure 5 shows the TEM images of the electroplated Ni coating and sol-enhanced Ni−TiO 2 composite coating on carbon steel substrates. The traditional Ni coating possessed a typically polycrystalline structure. A large amount of nano-twins existed in the Ni grains ( Fig. 5(a) ). The average grain size of the Ni grains was 150 nm. In contrast, the sol-enhanced Ni−TiO 2 composite coating had much finer grains with an average size of 50 nm (Fig. 5(b) ). The highly magnified TEM images show the detailed structure of Ni matrix in the Ni−TiO 2 composite coating (Figs. 5(c), (d) and 5(e) ). The amorphous TiO 2 nano-particles with the size of about 10 nm are clearly seen, which are incorporated at the grain boundaries in 
Improved mechanical and corrosion properties
The highly dispersed nano-particles in the solenhanced coatings showed a significantly improved dispersion strengthening effect as expected [18, 20] , evidenced by the much increased hardness in the electroless plated Ni−P−TiO 2 on Mg alloys (Fig. 6) , electroplated Ni−TiO 2 on carbon steels (Fig. 7) , and black Ni coatings on Ni-coated brass (Fig. 8) . The microhardness of the sol-enhanced electroless plated Ni−P−TiO 2 coating reached (1 025±15) HV 200 (Fig. 6 ), compared to (590±10) HV 200 and (9 710±12) HV 200 of the ordinary Ni−P coating and the traditional Ni−P−TiO 2 composite coating, respectively. For the electroplated coatings, the highest micro-hardness reaches 430 HV 100 by the sol-enhanced Ni−TiO 2 coating obtained with controlled current density (50 mA/cm 2 ), corresponding to 20%−34% improvement against the traditional Ni−TiO 2 composite (about 360 HV 100 ) and Ni electroplating (about 320 HV 100 ), as shown in Fig. 7 . For the electroplating of black Ni on brass, the hardness of the sol-enhanced black Ni−TiO 2 and Ni−ZrO 2 coatings are increased by 14% and 32%, respectively (Fig. 8) . In addition to the increasing hardness, results from the comparison experiments showed that the high dispersion led to the much improved wear resistance for the sol-enhanced composite coatings [18] . The scratch observed on the surface of the traditional Ni−P−TiO 2 composite coating ( Fig. 9(b) ). In contrast, the wear tracks on the sol-enhanced composite coating was narrower and the plough lines were shallower (Fig. 9(c) ), indicating that the sol-enhanced Ni−P−TiO 2 composite coating has a obviously improved wear resistance. The sol-enhanced and traditional composite coatings possessed higher thermal stability than the simple alloy coatings due to the different grain growth mechanism at elevated temperature. Figure 10 shows the evolution of grain size and microhardness for the traditional and sol-enhanced Ni−TiO 2 composites on Cu substrate during annealing. The grain size and microhardness of the sol-enhanced coatings were almost stable when they were annealed up to 250 °C (Fig. 10(a) ). Given that the melting point (T m ) of Ni metal is 1 453 °C (1 726 K), the transition temperature can be calculated as about 0.3T m for the sol-enhanced composite. In contrast, the traditional Ni−P−TiO 2 composite coatings have a clearly lower transition temperature of 150 °C, corresponding to about 0.25T m .
The grain growth mechanism based on the Arrhenius equation was correspondingly analyzed as plotted in Fig. 11 . Two straight lines were fitted for the traditional and sol-enhanced Ni−TiO 2 coatings, which is consistent with other reports [21, 22] . The values of the activation energy Q are calculated from the slope k of straight lines (k=−Q/R) as marked in Fig. 11 . With n=2, the activation energy Q is calculated to be 2.6 and 33.7 kJ/mol for the sol-enhanced composite below and above about 0.3T m , respectively ( Fig. 11(a) ). In contrast, the corresponding values for the traditional composite are 38.5 and 2.1 kJ/mol. A similar trend of the plot for n=7 was also observed in Fig. 11(b) . It was understandable that the movement of atoms within the grain boundaries led to the grain growth at an elevated temperature. This happens during the temperature range of 25−400 °C for the traditional composite. A similar situation was observed for the sol-enhanced composite below the transition temperature (about 0.3T m ). However, the much higher Q above 0.3T m suggested that the contribution of the lattice diffusion became more significant for the sol-enhanced composite coatings. The good stability during annealing of sol-enhanced coatings can probably be explained by the Zener drag mechanism [23] , where a particle interacts with the grain boundaries to reduce the energy of the boundary-particle system and restrains the boundary movement.
The unique and dense microstructure of sol-enhanced composite coatings also resulted in the improved corrosion resistance [24] . The typical polarization curves of Ni coating and sol-enhanced Ni−TiO 2 composite coatings are shown in Fig. 12 . The corrosion potential (φ corr ) of the sol-enhanced Ni−TiO 2 composite coatings steadily increased up to −0.302 V (vs Ag/AgCl standard electrode) when the concentration of sol reached 12.5 ml/L, compared to −0.405 V of the traditional Ni coating. Meanwhile, the corrosion current (J corr ) of the sol-enhanced coatings decreased slightly compared to the traditional composite coatings. We however found that adding excessive TiO 2 sol (50 ml/L) deteriorated the corrosion property of the coating, evidenced by the decreased φ corr to −0.471 V and increased J corr . 
Summary
To avoid the agglomeration of oxide nano-particles in the composite coatings, a novel techniquesol-enhanced composite plating was developed. It is demonstrated that the sol-enhanced composite coatings possess unique microstructures and superior mechanical/ corrosion properties. The highly dispersed nano-particles in the sol-enhanced composite coatings show a much more effective dispersion strengthening effect, promoting the hardness, wear resistance and thermal stability. The electrochemical behaviour was also improved due to the dense microstructures. The microhardness of the Ni−P−TiO 2 electroless coatings can reach 1 025 HV 200 . This hardness is at the same level of the widely used hard chrome coatings, which require an environmentally harmful process to make. The sol-enhanced composite plating has been technically proved to be a powerful method to prepare oxide-alloy composite coatings with superior performances. The theoretical analysis and physical/ mathematical modelling are being conducted in order to explicitly understand the formation and reinforcement mechanisms of this nano-dispersion.
